Introduction
SMAD family member 3 (SMAD3), also known as mothers against decapentaplegic homolog 3, is a protein encoded at locus 15q22.33 that is implicated in transforming growth factor-beta (TGF-β) signaling (OMIM*603109). TGF-β is responsible for regulating certain cellular functions, including apoptosis, angiogenesis, and cell growth. This is achieved through various signaling pathways, and the SMAD signaling pathway is one of many. SMAD3 is a receptor-activated SMAD, meaning that it is phosphorylated by the transmembrane proteins binding to TGF-β. Once activated, SMAD3
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www.mdpi.com/journal/medicina binds to SMAD4, which chaperones the protein to the nucleus. There, SMAD3 is able to regulate the transcription of TGF-β target genes [1] . Wild-type SMAD3 function is essential for TGF-β to properly express these genes and perform its wide range of signaling responsibilities. The consequences of improper TGF-β signaling are reflected in Loeys-Dietz syndrome 3 (LDS3) (OMIM#613795), a multisystem connective tissue disorder caused by pathogenic variants of SMAD3 [2] . The Human Gene Mutation Database (HGMD) currently lists 69 unique variants within this gene, most of which are missense/nonsense variants. The prevalence of Loeys-Dietz syndrome is unknown. First described in 2005, it is a recently discovered connective tissue disorder with multisystem involvement (PMID 15731757). Also known as aneurysms-osteoarthritis syndrome, LDS3 most notably causes premature osteoarthritis and arterial aneurysms. Osteoarthritis tends to be the first sign of LDS3. This symptom distinguishes LDS3 from the other forms of Loeys-Dietz syndrome, which are not typically associated with joint degeneration [3] . Tortuosity often accompanies arterial aneurysms in LDS3. These aneurysms most commonly affect the aorta, but other arteries may also be involved [2] . Sudden arterial dissection is the cause of death for some patients. Craniofacial deformities, including uvula abnormalities and hypertelorism, are sometimes present. Skeletal abnormalities such as scoliosis are common in LDS3, as are cutaneous conditions including striae and velvety skin [3] . A comprehensive table is provided to summarize LDS3-related diseases ( Table 1 ). The five types of Loeys-Dietz syndrome are briefly described in a second table (Table 2) . This report discusses a male presenting with a LDS3 phenotype and a rare SMAD3 variant, denoted c.220C > T (p.R74W). Molecular modeling was utilized to evaluate the pathogenicity of this variant. Additionally, we provide support for the use of large gene-panel testing to ensure accurate diagnosis and properly inform medical management.
Clinical Description
The proband was a 44-year-old male who was previously evaluated for Marfan syndrome. His presenting features were aortic aneurysm and tall stature (6'3"). He reported that his aneurysm was first measured around 17 years ago at 4.2 cm in diameter. Surgical intervention was not required until age 35, at which point the aneurysm had increased to 6.0 cm in diameter. The proband underwent an ascending aortic aneurysm repair with a mechanical aortic valve. Afterward, his aortic root measured 3.3 cm in diameter. However, he experienced a stroke complicated by transient ischemic attacks the following year. The stroke was potentially associated with the proband's patent foramen ovale, which was discovered and closed in the aftermath of the stroke. This series of events prompted the proband to seek a medical genetics evaluation 7 years ago. A physical exam revealed striae on the groin and anterior to the axillae, corrected tooth crowding, and mild scoliosis. The absence of lens abnormalities challenged the diagnosis of Marfan syndrome, but sequencing of FBN1, TGFBR1, and TGFBR2 was performed nonetheless. No pathogenic variant was detected, though one intronic variant of uncertain significance was reported in TGFBR2. The absence of an apparent genetic defect caused the proband to discontinue visits to the clinic. Recently, the proband had an exercise electrocardiogram (ECG) during a routine work evaluation that showed rapid sinus rhythm. This caused him to revisit his condition and seek evaluation in our clinic.
In the time since his first genetic testing, the proband developed a significant degree of osteoarthritis. He underwent left hip replacement and knee surgery to relieve associated pains. Double vision and occasional spots in his vision were also reported. The proband was evaluated on-site by an ophthalmologist, who discovered no ocular manifestations of a connective tissue disease. Family history revealed bifid uvula in the proband's son and suspected ectopia lentis in his mother. Based on his reported personal and family history, a connective tissue disorder was still suspected. Consequently, a large panel of connective tissue-related genes was ordered (Table 1) . A previously missed variant in SMAD3 was identified. The SMAD3 variant, c.220C > T (p.R74W), was classified as a variant of uncertain significance by the genetic testing laboratory. Another variant of uncertain significance was reported in FBN2, c.8376 C > G (p.I2792M), but this variant was not thought to be clinically relevant. The presence of the suspicious SMAD3 variant, aortic aneurysm, and osteoarthritis suggested that LDS3 was the causal diagnosis. The pathogenicity of the p.R74W variant in SMAD3 was further supported by the results of molecular modeling.
Materials and Methods

Protein Informatics and Molecular Modeling
Our methodology has been documented previously in the literature [4] [5] [6] [7] [8] [9] . The sequence of the human protein SMAD3, a protein encoded by the SMAD3 gene, was taken from the NCBI Reference Accession Sequence: NM_005902: version NM_005902.3, and was used for computer-assisted modeling. Monte Carlo simulations were performed on the mutant to allow local regional changes for full-length 425 amino acids and when the p.R74W variant was introduced. The protein forms a trimeric (homo-trimeric) complex in the structural modeling (homomeric), as is shown to be the case from the X-ray structural data set. SMAD3 is known to form partner complexes with other proteins (SMAD4, JUN, or FOS) to form complexes that initiate transcription. Mutations disrupting the interaction of the trimeric complex may play a role in the dysfunction of this protein in genetically predisposed individuals. The Protein DataBank (PDB) codes used for building the composite hybrid model for optimal structure include the following: 1MHD, 1MJS, 1MK2, 1OZJ, 1U7F, 2LAJ, 2LB2, 5OD6, 5ODG, and 5XOC.
The X-ray refinement using a Monte Carlo (MC) algorithm to search for optimal conformations of the structure was built using our YASARA SSP/PSSM Method [10] [11] [12] [13] [14] [15] to obtain the initial structure. MC searches were then completed for lower saddle point energy and equilibrated with brief molecular dynamics simulations to allow relaxation of the structure in an aqueous environment. The structure was relaxed to the YASARA/Amber force field using knowledge-based potentials within YASARA. The side chains and rotamers were adjusted with knowledge-based potentials, simulated annealing with an explicit solvent, and performed small equilibration simulations using YASARA's refinement protocol [16] . The entire full-length structure was modeled, filling in any gaps or unresolved portions from the X-ray.
The refinement of the finalized models was completed using either Schrodinger's LC-MOD Monte Carlo-based module or NAMD2 protocols. These refinements started with YASARA-generated initial refinement and mutant R74W [10] [11] [12] 14] . The superposition and subsequent refinement of the overlapping regions yields a complete model for SMAD3. The final structures were subjected to energy optimization with Polak-Ribiére conjugate gradient (PR-CG) with an R-dependent dielectric.
Atom consistency was checked for all dimeric complexes of 425 amino acids as a trimeric complex (20,019 atoms) of the full-length wild-type model and number for the W74 variant, verifying the correctness of chain name, dihedrals, angles, torsions, non-bonds, electrostatics, atom-typing, and parameters. Each model was exported to the following formats: Maestro (MAE) and YASARA (PDB). Model manipulation was performed with Maestro (Macromodel, version 9.8, Schrodinger, LLC, New York, NY, USA), or Visual Molecular Dynamics (VMD) [17] .
Monte Carlo dynamics searching (LCMOD-MC) was completed on each model for conformational sampling, using methods previously described in the literature [18] [19] [20] [21] . Briefly, each SMAD3 wild-type or variant system was minimized with relaxed restraints using either Steepest Descent or Conjugate Gradient PR, then allowed to undergo the MC search criteria, as shown in the literature [18] [19] [20] [21] . The primary purpose of Monte Carlo, in this scenario, is examining any conformational variability that may occur with different mutation in the region near to the mutation and possible effect on trimeric formation or partner protein binding with SMAD3.
Consent for Publication and Informed Consent
All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000 (5), (project identification code: 7972201). Informed written consent was obtained from the patient included in the study.
Results
Molecular Modeling and Thermodynamic Measurements
Examinations of the trimer reveal an interaction zone that consists of residues, shown in Figure 1C -D, that forms a pore-like circular interface (two sheets of anti-parallel beta sheets layered onto two alpha helices) ( Figure 1C-D) . These residues are known to be critical for the formation of SMAD4 heterodimerization contacts, which is crucial for the function in transcription regulation ( Figure 1D ). The N-terminus half maintains a different set of residues around R74 (wild-type) that are critical for complex formation (Figure 2 ), namely residues: Trp18, Lys40, Thr57, Gln58, Asn59, Ile67, Pro68, Arg69, Ser70, Leu71, Asp72, Gly73, Arg74, Leu75, Gln76, Val77, Ser78, His79, Arg80, Lys81, Gly82, Leu83, Pro84, His85, Val86, Ile87, Tyr88, Cys89, Arg90, Leu91, Asp96, Leu97, His98, Ser99, His100, His101, Leu103, Phe111, Ala112, Phe113, Asn114, Met115, Lys116, Lys117, Asp118, Glu119, Val120, and Val122. The introduction of the W74 residue demonstrates disruption on the structure around this region, which is visually evident ( Figure 2B-C) [18] [19] [20] [22] [23] [24] [25] . Additionally, we measured the root-mean-square-deviation (RMSD) for the residues mentioned above between the wild-type and variant structure, which revealed a large structural deviation due to the mutation. The RMSD for the 6 Å cutoff around the residues given above (centered on positions 74 and 40) resulted in 16.19 Å deviation for all residues, 13.09 Å for the backbone residues, and 8.08 Å for the C-alpha residues only. By any metric of RMSD, those are significant changes indicative of a different conformational state that has the potential to alter function. The N-terminus half maintains a different set of residues around R74 (wild-type) that are critical for complex formation (Figure 2 ), namely residues: Trp18, Lys40, Thr57, Gln58, Asn59, Ile67, Pro68, Arg69, Ser70, Leu71, Asp72, Gly73, Arg74, Leu75, Gln76, Val77, Ser78, His79, Arg80, Lys81, Gly82, Leu83, Pro84, His85, Val86, Ile87, Tyr88, Cys89, Arg90, Leu91, Asp96, Leu97, His98, Ser99, His100, His101, Leu103, Phe111, Ala112, Phe113, Asn114, Met115, Lys116, Lys117, Asp118, Glu119, Val120, and Val122. The introduction of the W74 residue demonstrates disruption on the structure around this region, which is visually evident ( Figure 2B,C) [18] [19] [20] [22] [23] [24] [25] . Additionally, we measured the root-mean-square-deviation (RMSD) for the residues mentioned above between the wild-type and variant structure, which revealed a large structural deviation due to the mutation. The RMSD for the 6 Å cutoff around the residues given above (centered on positions 74 and 40) resulted in 16.19 Å deviation for all residues, 13.09 Å for the backbone residues, and 8.08 Å for the C-alpha residues only. By any metric of RMSD, those are significant changes indicative of a different conformational state that has the potential to alter function. 
Energetics Assessment
For wild type versus the variant p.R74W, we found that the stability of the object from energetic calculations for ΔG per amino acid is lower for the R74W variant, such that p.R74W was 0.0979 kcal/aa × mol × Å 2 greater than wild-type, respectively [18] [19] [20] [22] [23] [24] [25] . We examined wild-type object stability, obtaining 673.1 kcal/mol × Å 2 , which is normal for a protein of 425 aa size (Figure 2A ). This object stability did not indicate any changes in structure that were deleterious to function from immediate inspection, which the mutation Fold-X algorithm can provide. However, the W74 mutation in the N-terminus region is positive, thus disruptive, and the MC analysis showed some significant rearrangement for the N-terminus around residues 40 through 90, which are demonstrably more prone to conformational variability and play an important role in proper complex formation (Figure 2B-C) . However, the protein with p.R74W results in a change of protein function that could come as a consequence of the alteration of the region of residues near to K40 and 
For wild type versus the variant p.R74W, we found that the stability of the object from energetic calculations for ∆G per amino acid is lower for the R74W variant, such that p.R74W was 0.0979 kcal/aa × mol × Å 2 greater than wild-type, respectively [18] [19] [20] [22] [23] [24] [25] . We examined wild-type object stability, obtaining 673.1 kcal/mol × Å 2 , which is normal for a protein of 425 aa size (Figure 2A ). This object stability did not indicate any changes in structure that were deleterious to function from immediate inspection, which the mutation Fold-X algorithm can provide. However, the W74 mutation in the N-terminus region is positive, thus disruptive, and the MC analysis showed some significant rearrangement for the N-terminus around residues 40 through 90, which are demonstrably more prone to conformational variability and play an important role in proper complex formation ( Figure 2B,C) . However, the protein with p.R74W results in a change of protein function that could come as a consequence of the alteration of the region of residues near to K40 and also the general interaction around the region of W74. The molecular model for the full structure and its truncated form are given ( Figures 1A,B and 2A ) using our state-of-the-art methods, which have been established [18] [19] [20] [21] [22] [25] [26] [27] [28] [29] [30] [31] [32] .
Discussion
The proband's aortic aneurysm and osteoarthritis are characteristic of LDS3. His physical abnormalities, striae and scoliosis, are also commonly reported [3] . However, most LDS3 patients experience osteoarthritis before having an aneurysm. Our proband did not develop osteoarthritis for over ten years after his aneurysm was first discovered. Additionally, his patent foramen ovale is unique among other reported LDS3 patients, though other congenital heart defects such as patent ductus arteriosus and atrial septal defect have been recorded [2, 3, 33] . Regardless, we cannot rule out the possibility that this defect was idiopathic. Around 25% of adults who retain a patent foramen ovale from birth do not possess an underlying disorder [34] . Diplopia was the final symptom that the proband reported. Considering his history of stroke, it seems unlikely that this is a newly found LDS3 symptom [35] . Altogether, the proband presents a largely typical case of LDS3 that is complicated by the symptoms of a past stroke.
Recent research in mouse models provides us with clues to unravel the mechanisms behind aortic aneurysms in LDS3 patients. A study by Tan et al. linked aortic inflammation and high macrophage numbers to weakness of the aortic wall. Inducible nitric oxide synthase (iNOS) activity in these macrophages is increased. In turn, the nitric oxide product of iNOS activates matrix metalloproteinases 2 and 9. These proteinases break down elastic lamella and collagen fibers in nearby extracellular matrices, leading to aortic wall weakness and susceptibility to rupturing or dissection [36] . Another study using SMAD3-deficient mice suggested that wild-type SMAD3 is necessary to prevent macrophage intrusion into arterial walls. In this study, matrix metalloproteinase mediated the decay of elastic fibers, which was observed only in SMAD3-deficient individuals. This further supported the previous findings of Tan et al. The researchers also found an increased expression of nuclear factor kappa-B, SMAD2/SMAD4 and TGF-β1, and ERK1/2 [37] . These studies suggest that preventing aortic rupture and death of SMAD3-deficient patients may be possible through inhibition of overexpressed protein products or signaling pathways. Particularly, iNOS antagonists are proposed as a solution to some arterial wall weakness, as inhibiting this enzyme would reduce matrix metalloproteinase activation and elastic fiber degradation [36] . To date, a drug with this function has yet to be approved. The current option for treating LDS3-related aneurysms is surgery, though this had limited success for our proband.
The arginine residue in position 74 (Arg74) is located in the MH1 domain of the SMAD3 protein. The MH1 domain is a conserved N-terminal domain and is required for DNA binding. Arg74 is a key DNA binding residue as it directly interacts with the guanosine in the GTCT Smad binding element. Qing et al. (2000) found that substituting Arg74 for Aspartic acid (Asp) can result in the failure of SMAD3 to cooperate with c-jun leading to a loss of transcriptional activity [38] .
The R74W variant is a non-conservative amino acid substitution, which is likely to impact secondary protein structure. This substitution occurs at a position that is conserved across species, and in silico analysis predicts this variant to be probably damaging to the protein structure/function. Polyphen-2 bioinformatics tool predicted the R74W variant to be probably damaging with a score of 1.000.
The SMAD3 trimer has a native conformation that is stable and suitable for binding with key partners, such as SMAD4, required for transcription initiation, which is likely affected through the mutation at position 74, which is proximal to K40 ( Figure 2C ). K40 is a known residue of importance for complex formation. We observed disruption in the local region around the K40 and through residues Val120, which could in turn disrupt the important regions needed for partner binding ( Figure 1C) .
This proband first presented with Marfan-like features, including aortic aneurysm, tall stature, tooth crowding, striae, and scoliosis. This phenotype was indicative of a general connective tissue disorder. Despite this, the proband was initially tested for just three genes, after which no further sequencing was pursued. These tests only ruled out Marfan syndrome and Loeys-Dietz syndrome 1&2 from his differential diagnosis. Consequentially, it took the proband seven years from the time of his first clinical investigation to learn about the disorder responsible for his condition. Had his final diagnosis been treatable, this would have greatly hindered the management of his symptoms. Nevertheless, closely managing blood pressure is still helpful for mitigating the symptoms of LDS3. An earlier diagnosis may have allowed the proband to take necessary action to improve his condition and possible long-term outcomes (36).
Conclusions
In conclusion, we report a proband with a MH1 domain, pathogenic variant in SMAD3 and compare his phenotype to other patients with LDS3. The proband's clinical presentation fits well with LDS3, though his condition was complicated by a concurrent stroke. The proband's son has a 50% chance to carry the same SMAD3 variant, but we suspect the probability is higher due to his bifid uvula. Close observation of the proband's son will be necessary to detect warning signs of LDS3 in the future. The c.220C > T (p.R74W) variant is suspected to be pathogenic based on the results of personalized molecular modeling. Our proband's SMAD3 variant was only detected following a more comprehensive connective tissue disease gene panel. The delay of diagnosis during his diagnostic odyssey was likely due to multiple factors, but it exemplifies the importance of comprehensive disease gene analysis in clinical practice when appropriate.
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